Bacterial communities colonizing the reproductive tracts of primates (including humans) impact the health, survival and fitness of the host, and thereby the evolution of the host species. Despite their importance, we currently have a poor understanding of primate microbiomes. The composition and structure of microbial communities vary considerably depending on the host and environmental factors. We conducted comparative analyses of the primate vaginal microbiome using pyrosequencing of the 16S rRNA genes of a phylogenetically broad range of primates to test for factors affecting the diversity of primate vaginal ecosystems. The nine primate species included: humans (Homo sapiens), yellow baboons (Papio cynocephalus), olive baboons (Papio anubis), lemurs (Propithecus diadema), howler monkeys (Alouatta pigra), red colobus (Piliocolobus rufomitratus), vervets (Chlorocebus aethiops), mangabeys (Cercocebus atys) and chimpanzees (Pan troglodytes). Our results indicated that all primates exhibited host-specific vaginal microbiota and that humans were distinct from other primates in both microbiome composition and diversity. In contrast to the gut microbiome, the vaginal microbiome showed limited congruence with host phylogeny, and neither captivity nor diet elicited substantial effects on the vaginal microbiomes of primates. Permutational multivariate analysis of variance and Wilcoxon tests revealed correlations among vaginal microbiota and host species-specific socioecological factors, particularly related to sexuality, including: female promiscuity, baculum length, gestation time, mating group size and neonatal birth weight. The proportion of unclassified taxa observed in nonhuman primate samples increased with phylogenetic distance from humans, indicative of the existence of previously unrecognized microbial taxa. These findings contribute to our understanding of host-microbe variation and coevolution, microbial biogeography, and disease risk, and have important implications for the use of animal models in studies of human sexual and reproductive diseases.
Introduction
The human vaginal microbiome has been relatively well characterized (Fredricks et al., 2005; Oakley et al., 2008; Kim et al., 2009; Hummelen et al., 2010; Srinivasan et al., 2010; Ravel et al., 2011; Gajer et al., 2012) . Most human vaginal tracts are predominantly colonized by Lactobacillus species (Srinivasan and Fredricks, 2008; Ma et al., 2012) . Production of lactic acid by vaginal lactobacilli lowers the pH of the vaginal, creating an acidic (pHp4.5) environment. This microbially mediated vaginal acidity provides an important barrier that restricts the colonization of potential pathogens (Boskey et al., 1999) . Perturbations to the composition of the human vaginal microbiome are often associated with diseased states, including bacterial vaginosis (BV) (Fredricks et al., 2005; Oakley et al., 2008; Marrazzo et al., 2010; Srinivasan et al., 2010) , susceptibility to sexually transmitted infectious diseases (Sewankambo et al., 1997; Wiesenfeld et al., 2003) , tubal infertility (Wiesenfeld et al., 2012; van Oostrum et al., 2013) and adverse pregnancy outcomes (White et al., 2011; Ganu et al., 2013) .
In contrast to humans, there is a paucity of information on the vaginal microbiomes of nonhuman primates (NHPs), and information about NHP vaginal microbiota is essential for understanding the factors that underlie microbial coevolution with their hosts, and more specifically, for testing adaptive hypotheses for the human microbiome. Given the known importance of the vaginal microbiome for female sexual and reproductive health and their role as microbial colonists for newborns (Tannock et al., 1990; Mandar and Mikelsaar, 1996; Leitich and Kiss, 2007; CDC, 2009; Biasucci et al., 2010; DominguezBello et al., 2010; Marrazzo et al., 2010) , host-vaginal microbiome interactions could comprise a strong selection force having a pivotal role in the evolution of humans and other primates. Primates are ideal hosts for studying variation in vaginal microbiota, because primate species differ markedly in their diet, anatomy, mating systems, gestational durations, birthing difficulties, and commensurate risks of maternal injury and subsequent infection (Rosenberg and Trevathan, 2002; Campbell et al., 2011) .
Primate vaginal microbiomes may also vary with exogenous host factors such as phylogeny, geography, life history characteristics and sexuality. The degree to which these factors explain variation in vaginal microbiota remains to be tested. However, if predictions can be drawn from other host systems, such as primate gut microbiomes (Ley et al., 2008; Ochman et al., 2010; Yildirim et al., 2010) , patterns of microbial abundance and diversity are expected to be most similar between closely related primate species and differences should increase with phylogenetic distance (that is, vaginal microbial patterns reflect primate phylogeny). An alternate hypothesis is that vaginal microbial abundance and diversity instead display consistent adaptive patterns related to differences in behaviors and ecologies. For example, given the diversity in mating systems among NHPs, which vary from monogamy to polygynandrous mating systems, microbial diversity is predicted to covary with the level of promiscuity.
Thus, the aim of our study was to examine microbial diversity and composition patterns characteristic of primate vaginal tracts and test for factors that account for the variation of patterns. Our specific goals were to: (1) identify microbial taxa from primate vaginal tracts, (2) conduct phylogenetic analyses of the respective microbial communities and (3) determine whether microbial phylogenies deduced from the samples correspond with differences in host taxonomy, body size, sexuality or substrate use (that is, the primary surface (arboreal vs terrestrial) on which primates locomote). The inclusion of several distinct primate species lineages enabled us to address a number of questions regarding the correlation of phylogenetic, socioecological, morphological and/or genetic factors with the composition similarity, richness and diversity of the vaginal microbiome among primates (See inset Box 1).
Box 1: Socioecological factors affect the diversity of vaginal microbiomes
Origin. The country of origin of the samples (listed in Table 1 ) was tested as a discrete variable.
Substrate. Because most microbes reside in soils (Fierer and Jackson, 2006; Fierer et al., 2007) and primates vary substantially in the degree of terrestriality and arboreality, primate substrate use may affect vaginal microbial diversity.
Group size. This measure refers to the collective number of individuals that are observed together (Strier, 2007) . We hypothesize that group size will covary with microbial richness and diversity due to the opportunities for close social interaction, including: mating, grooming, aggression, spatial proximity and resource sharing.
Body mass. We examined the relationship of vaginal microbiota with the average adult female body mass (data from Smith and Jungers (1997) ).
Vaginal size. Male and female genitalia have coevolved (Chapman et al. 2003) , and mammalian vaginal cavity size correlates with baculum length (Patterson and Thaeler, 1982) . Without direct estimates of vaginal cavity size available for most NHPs, we instead used baculum length as a parameter to estimate the impact of the size of the vaginal cavity on primate microbiomes.
Sexual swelling. The fleshy skin of the anogenital region of some female primates tumesces (inflates) and detumesces (deflates) in response to hormonal signals. During tumescence, the swelling grows in size (Aykroyd and Zuckerman, 1938) , thus increasing the surface area for microbes to colonize.
Promiscuity. The use of broad mating system categories to measure levels of promiscuity is coarse. Thus, two additional measures were applied as proxies for promiscuity: (1) testes mass, a commonly used measure of male mating competition (Moller et al., 1998; Nunn et al., 2000; Moller et al., 2001) , and (2) mating group 
Sample collection and processing
The nine primate species are listed in Table 1 , along with their origin, classification and sample size.
Experienced field collaborators obtained vaginal swab samples from tranquilized primates and completed detailed datasheets for each primate sampled. All primates were observed to be healthy, and none included here was observed to be menstruating at the time of sampling. Sterile swabs (Copan Diagnostics, Corona, CA, USA) were used to collect microbes from the vaginal cavities. Each swab was immediately placed in a sterile 8-ml screw cap tube prefilled with 2-3 ml RNAlater (Ambion, Grand Island, NY, USA; Cat. No. 7020). Tubes were flash frozen or placed on ice, then transferred to À 80 1C freezers on arrival in the United States, and stored there until sample processing. To verify host origin, we amplified and sequenced mitochondrial 12S rRNA genes from all species and the COXII gene from genomic DNA (gDNA) extracted from these samples, using previously published primers (Kocher et al., 1989; Ruvolo et al., 1991) . Comparison of the 12S rRNA and COXII gene sequences with Genbank using nucleotide-nucleotide basic local alignment search tool confirmed that the samples collected were from the designated primate species. Human samples were collected from healthy volunteers with no signs of BV, as described in Kim et al. (2009) . The clinical data associated with the human subjects included in this study were recently published . It should be noted that two of the human samples, although apparently healthy and asymptomatic for BV, exhibited Nugent scores of 6 (hm403) and 9 (hm409) (Kim et al., 2009) .
DNA extraction and PCR gDNA from vaginal samples was extracted as previously described (Yildirim et al., 2010) . Briefly, the frozen samples stored in 8-ml screw cap tubes were thawed on ice, topped up with sterile phosphate-buffered saline and vortexed at full speed for 1 min. The tube contents were then transferred to 1.5 ml Eppendorf tubes (Eppendorf Snap cap; 1.5 ml; Fisher Scientific Cat. No. 05-402-25, Waltham, MA, USA) and centrifuged for 5 min at maximum speed to remove any particulate matter. Subsequent steps included: incubation with lysozyme (10 mg ml À 1 in 20 mM Tris-HCl, pH 7.4, 100 mM EDTA, 50 mM NaCl, 0.2% Tween), addition of 10% SDS, freeze-thaw cycling, incubation with proteinase-K (10 mg ml À 1 ), addition of 5 M NaCl and incubation on ice to precipitate remaining protein, centrifugation, incubation with RNAse (30 U mg À 1 ), followed by phenol-chloroform extraction and alcohol precipitation to precipitate gDNA. gDNA concentration and purity was estimated by spectrometry (NanoDrop, ND-2000, ThermoScientific, Wilmington, DE, USA) and gel electrophoresis.
The hypervariable regions V1-V3 of the 16S rRNA genes of each of the gDNA samples were amplified by PCR using primers 27F-YM (5 0 -AGAGTTTGATY MTGGCTCAG-3 0 ) and 534R (5 0 -ATTACCGCGGCTG CTGG-3 0 ) (Baker et al., 2003) . Each 50 ml PCR size, a measure of sexual exposure to microbes. The vaginal microbial community may depend on the number of sexually active individuals (that is, mating partners) in a group. For example, microbial communities and strains are shared between mating partners (Jaspers and Overmann, 2004; Marrazzo et al., 2009; Danielsson et al., 2011; Eren et al., 2011) and sexual activity is a strong risk factor for dysbiosis (Fethers et al., 2008) . In humans, microbial ecologies vary considerably between women depending on their mating group size, and BV is most common in women who have new or multiple sexual partners (Fethers et al., 2008 (Fethers et al., , 2009 Eren et al., 2011 (Strier, 2007) ).
Obstetric traits. In humans, the vaginal microbiome is thought to have a role in preterm birth (White et al., 2011) . Therefore, we considered gestation length and neonatal mass in the context of the vaginal microbiota. Amplicons from eight separate PCR reactions were pooled using standard protocols, run on 1.5% agarose gel, excised and purified using Qiagen gel extraction kit (Qiagen, Valencia, CA, USA). The purified PCR products were then visualized on 1.5% agarose gel and submitted to the core sequencing facility at the University of Illinois, Urbana, for 454 pyrosequencing using GS FLX Titanium series reagents (454 Life Sciences, Roche Diagnostics, Branford, CT, USA). Library quality checks using standard protocols were performed. The 16S rRNA sequence data sets generated in this study were submitted to the short read archive of NCBI with the accession number SRP040592.
Data analysis
The sequence files in FASTA format were processed using mothur software (Schloss et al., 2009 ). For quality filtering, sequences that had average quality scores of o20 (Qo20) over a 50-bp sliding window, lacked an accurate primer sequence, contained ambiguous base call or possessed more than eight homopolymers were excluded from analyses. Sequences were then aligned against the SILVA alignment template (Pruesse et al., 2007) . Potential chimeric sequences were detected by using chimera.slayer embedded in the mothur software (http://www.mothur.org/wiki/Chimera.slayer) and removed. A total of 907 454 high-quality sequences (1639-90 192 reads per sample, median ¼ 10493.5) were used for subsequent analyses. The high-quality sequences were pre-clustered as previously described (Huse et al., 2010) to further reduce any potential influence of sequencing errors. All community diversity parameters (number of sequences for each sample, Shannon, Chao, coverage and Simpson) were calculated using mothur software (see Supplementary Table S1 ). Operational taxonomic units (OTUs) were determined using average neighbor clustering of sequences with 97% sequence identity. To assess the taxonomic distributions across each primate sample, a weighted sequence from each OTU was selected (that is, the representative was found by selecting the sequence that has the smallest total distance to all other sequences in that OTU) and subsequently was classified by locally running an RDP classifier program (70% bootstrap threshold; (Wang et al., 2007) ). OTUs with only one sequence read (singletons) were removed.
Phylogenetic analysis
A parsimony-based approach adapted from Ochman et al. (2010) was used to test phylogenetic congruence of the vaginal microbiome with their host phylogeny. Using this approach, bacterial OTU frequencies obtained at 99.0% similarity cutoffs were log normalized by coding into one of the eight ordered states, zero being OTU absent in a given sample. Parsimony uninformative sites were eliminated from the matrix. This data matrix (containing 7575 OTUs) was then subjected to a heuristic maximum parsimony tree search using PAUP version 4.0 b.10 (Sinauer Associates, Inc., Sunderland, MA, USA), with default settings and ordered character status.
To construct the host phylogeny, we used recently published sequence data (Perelman et al., 2011) , representing 54 nuclear gene regions and 61 primate genera. Sequences were not available for four primate species used in this data set (Papio cynocephalus, Cercocebus atys, Piliocolobus rufomitratus and Alouatta pigra). To adjust for this, the most closely related species of the same genus was used instead (Papio hamadryas, C. torquatus, Piliocolobus badius and A. caraya, respectively). The alignment was subjected to heuristic maximum parsimony to facilitate comparison with the phylogeny of vaginal microbiome. Bootstrap analysis with identical settings for each method of phylogenetic Vaginal microbiome of humans and nonhuman primates S Yildirim et al reconstruction was used to support the placement of nodes within the phylogeny (1000 iterations) and values greater than 50% were retained. To further assess phylogenetic associations between vaginal microbial communities and their hosts, UniFrac analysis of the mothur-selected representative OTU sequences was performed using QIIME software (EC2 image, v1.3; Caporaso et al., 2010 . UniFrac provides a phylogeny-based analysis with a quantitative measure of evolutionary distance between OTUs in microbial communities (Lozupone and Knight, 2005) . The OTU-representative sequences were aligned using PyNast (Caporaso et al., 2010) against the Greengenes template alignment (DeSantis et al., 2006) to build a phylogenetic tree for measuring UniFrac distance metrics. Jackknifing with unweighted Unifrac was performed with 100 replicates to measure robustness of individual clusters.
As an alternate interrogation of phylogenetic concordance, we examined correlations between the host phylogeny and measures of b-diversity. We reasoned that if host species and their vaginal microbiota shared an evolutionary history, then the distance matrix obtained from pairwise combinations of samples from each species should correlate with the host distance matrix. To calculate a correlation value between the phylogenetic relationship and the Bray-Curtis dissimilarity index of each primate sample, we randomly permuted the vaginal sample matrix (one sample point from each host species included in each permutation) and calculated the Pearson correlation coefficients with the host phylogeny distance matrix. This process was repeated for 450 000 permutations. Distribution of these correlations is shown as a density plot using a Gaussian kernel in R, which provides the extent of association between phylogenetic relationship and microbiome similarity across primate samples.
Multivariate analysis of community structures and diversity
To analyze multivariate ecological data, we used the following techniques: a Bray-Curtis dissimilarity matrix was calculated based on the standardized and square root-transformed read abundance data. An unconstrained ordination technique (nonmetric multidimensional analysis) was performed to display overall similarities in microbial community structures among samples. Multivariate null hypothesis of no difference among a priori-defined groups was tested using permutational multivariate analysis of variance (PERMANOVA) and analysis of similarities (ANOSIM). Permutational analysis of multivariate dispersions (PERMDISP) (Anderson, 2006) was used to test heterogeneity of community structure. Primer V6 (PRIMER-E Ltd, Ivybridge, UK) and PERMANOVA þ were used to perform the ordinations, PERMDISP function and PERMANOVA test.
Wilcoxon signed-rank test available in R package was used to study the individual effects of various categorized ecological factors (see below) on the Shannon diversity values. Wilcoxon test was also used to compare the diversity values across the primate vaginal microbiomes.
Socioecological effects on microbial community composition
The relative contributions of each of the following factors to vaginal microbial composition were tested as a discrete variable (listed in Table 2 ), using PERMANOVA (MANOVA using distance matrices) with the Adonis function of the vegan package in R (Anderson, 2001 ): country of origin of the samples, substrate (terrestriality versus arboreality), group size, average female body mass, reproductive traits (gestation length, neonatal mass, vaginal cavity size (derived from baculum length), sexual swelling), mating system (sexual promiscuity, testes mass, mating group size, social structure).
PERMANOVA assigns R 2 to the first listed factor before determining R 2 from the remaining explanatory space to the next factor. Any shared R 2 is attributed to the first listed factor. To circumvent these order-based effects, all factors were tested in all possible combinations and are reported as averages with 95% confidence intervals. In PERMANOVA, ANOSIM based on Bray-Curtis dissimilarities was also used to examine the significance of each variable in driving the overall vaginal microbial composition. To identify the indicator species (Dufrene and Legendre, 1997 ) that characterize each of the phylogenetic host groups (species), we used indicator species analysis in PC-ORD software (v.6; MJM Software Design, Gleneden Beach, OR, USA). OTUs with IV40.3 and Po0.05 were selected for Permutational multivariate analysis of variance using distance matrices. Values represent the average percent R 2 variation explained by the factor after all potential factor-ordered combinations were tested to account for shared R 2 . Values are presented with their 95% confidence intervals and all were significant based on F-tests of sequential sums of squares from permutations of the raw data (Po0.001). b ANOSIM values based on groupings of high, medium and low thresholds for continuous variables (Supplementary Table S2 ) or otherwise their discrete variables. Analyses were based on 10 000 permutations and all values were significant (Po0.001).
the analysis and for each species the top three OTUs with the highest IV values were identified.
Finally, we hypothesized that certain factors (for example, promiscuity) may increase vaginal microbial diversity without impacting specific taxa, or even the overall microbiome. To test this hypothesis, we tiered each variable over three discrete ranges, representing low, medium and high (see Supplementary Table S2) , and used a Wilcoxon test to determine whether changes in diversity were significantly different among the tiers. Diversity was evaluated using Shannon's diversity index.
Results
Comparative analysis reveals distinct vaginal microbiota among humans and NHPs Humans exhibited significantly lower richness and diversity estimates (Figure 1 and Supplementary Figure S1 ). Firmicutes were detected in all primate species, typically as the most abundant taxa present, and comprised 20-30% of the total microbiota among NHPs (g-diversity). Exceptions were observed in samples from chimpanzees and captive vervets, where members of the Fusobacteria outnumbered Firmicutes. The Fusobacteria were highly underrepresented (o0.1%) in lemur and howler monkey samples compared with other NHPs in this study. These two NHP species are in the clades distantly related to Old World Monkeys and Apes. At the genus level, Sneathia and Aerococcus spp. were consistently enriched across all NHPs, although other genera, including Anaerococcus, Porphyromonas, Fusobacterium, Atopobium and Prevotella, were also commonly found (Figure 2 ). Lactobacillus species dominated human vaginal samples (range 65.9-98.1%), consistent with previous reports (Zhou et al., 2007; Kim et al., 2009; Hummelen et al., 2010; Srinivasan et al., 2010; Ravel et al., 2011) .
Of particular note, the relative abundances of lactobacilli were significantly lower in NHPs, whereas the majority of the human female populations have Lactobacillus as the dominant vaginal bacteria (60-93%, depending on the ethnicity (Zhou et al., 2010; Ravel et al., 2011) ). Chimpanzees, the closest human relatives, had o3.5% lactobacilli. Among NHPs, mangabeys displayed the greatest numbers of lactobacilli, yet this was still o5%. Species-level assignments using speciateIT tool (Ravel et al., 2011) showed that the majority of NHPs are associated with multiple species
. ruminis, and L. salivarius), which is consistent with a recent report (Gravett et al., 2012) . Notably, few or no reads of Lactobacilli species were found in the samples from arboreal monkeys (howlers, lemurs and red colobus). Reads classified to the genus Gardnerella appeared to be undersampled from human samples (and possibly from NHP samples too) in this study, compared with previously published reports (Kim et al., 2009; Ravel et al., 2013) . This may be attributed to not including the primer cocktail (27F-YM þ 3), as described in Frank et al., 2008. Recent studies (Zhou et al., 2010; Ravel et al., 2011; Ravel et al., 2013) have revealed Lactobacillus spp. in low abundance in the vaginal tract of a subpopulation of apparently healthy women with high Nugent scores, who have been categorized as 'asymptomatic BV' (ABV) in contrast to 'symptomatic BV' (SBV) subjects. Indeed, two human subjects (Hm403 and Hm409) in our study could be categorized as ABV, as they had reduced relative abundance of Lactobacilli, 65.9 and 3.0% with corresponding Nugent scores of 6 and 9, respectively (Kim et al., 2009; Yeoman et al., 2013) . We considered the possibility that the ABV-like and SBV-like human microbiomes might be more similar to that of NHPs. To address this, we compared the vaginal microbial composition of the NHPs in our study with that of human subjects with low abundance of Lactobacillus spp. (ABV and SBV), by including a recently published data set (Ravel et al., 2013) of ABV and SBV samples. Clustering analysis of pairwise binary Jaccard (Supplementary Figure S2) and Bray-Curtis (Supplementary Figure S3) Figure 1 Shannon-Weaver diversity indices generated using the 16S rRNA gene pyrosequencing data. Ba, yellow baboons; Bc, olive baboons; Ch, chimpanzees; Lm, lemurs; Hw, black howler monkeys; Mb, mangabeys; RC, red colobus; Vc, vervets captive; and Vw, vervets wild.
Vaginal microbiome of humans and nonhuman primates S Yildirim et al dissimilarities of genus-level abundance distributions between samples indicated that both ABV and SBV fall in a distinct cluster and are more similar to NHPs. Abundance-weighted clustering using the Jaccard index showed identical results, although BrayCurtis index placed ABV-SBV group closer to healthy humans (data not shown), which may result from using different data analysis tools in the two studies. Sequences that could not be classified (o70% Bayesian bootstrap cutoff) to any hierarchical taxonomic level using the RDP classifier were grouped as unclassified taxa. A significantly higher proportion of sequences from lemurs could not be classified (13 ± 8%) at the phylum level compared with other primate microbiomes. Further, a substantial proportion of phylum-resolved taxa from lemurs (68 ± 11%) lacked genus-level resolution. This suggests that the vaginal microbiome of lemurs is comprised of largely novel bacterial taxa not previously characterized. Other NHPs showed comparatively higher proportions of phylum-level classification, yet a significant portion of these sequences could not be further classified at the genus level (Figure 2 ), indicating that vaginal phylotypes of NHPs are underrepresented in databases. The degree of genus-level resolution appeared to be associated with phylogenetic distance from humans. For example, most sequences from chimpanzee samples were well resolved at the genus level (unclassified range 0.4-18.3%), making this group second to humans in terms of percentclassified taxa (unclassified range 0.01-5.6%).
The vaginal microbiome is host specific
Comparison of vaginal microbial communities using Bray-Curtis dissimilarity indices revealed species-specific distinctions (Figure 3) . ANOSIM supported species-specific vaginal microbiota (R ¼ 0.95, Po0.0001). A nonparametric PERMANOVA (Anderson, 2001 ) was used to test compositional differences of the vaginal microbiota among species. Pairwise PERMANOVA comparisons revealed significant differences in the composition of vaginal microbiota among primate species (p(perm)o0.001). However, such analysis did not support differences between captive and wild vervets (pseudo-t ¼ 0.943, p(perm) ¼ 0.503).
We used three distinct methods to test for phylogenetic congruence of the host and compositional changes in the vaginal microbiome. The phylogenetic analysis indicated that, although the community tree separated clades of bacterial communities according to their host origin, the most parsimonious tree (P-score ¼ 73 685) showed weak congruence with host phylogeny (Figures 4a and b) . Low bootstrap values (o70%) were observed at inner nodes, corresponding to intraspecific branch points, Figure 2 Heatmap of the relative abundance of 16S rRNA sequences displayed at taxonomic genus level. The column Z-score indicates differences between primate samples in terms of the relative abundances of bacterial phylotypes associated with the primate samples; white color indicates relative abundance of phylotypes having column average. Blue color tones represent relative abundances less than the average abundance; and red color tones representing relative abundances above the column average. Sample and bacterial phylotypes were clustered using average linkage hierarchical clustering of a distance matrix based on Bray-Curtis distance. Phylotypes with relative abundance 41% and observed at least in three animal subjects across all animals shown. Samples from each group were color coded on the column side bar as follows: yellow baboons (blue), olive baboons (gray), chimpanzees (yellow), humans (purple), howlers (orange), lemurs (green), mangabeys (cyan), red colobus (pink), vervets captive (magenta) and vervets wild (black) (see Supplementary Tables S4  for genus-level relative 
abundances).
Vaginal microbiome of humans and nonhuman primates S Yildirim et al and starkly contrasted with high bootstrap values (90-100%) in the interspecific outer nodes, supporting the host-specific characteristic of vaginal microbiomes.
Second, an unweighted pair group method with arithmetic clustering of UniFrac distances clearly distinguished primate vaginal microbial communities according to the primate host, with the exception of howlers. Howlers were placed among the human and chimpanzee clade in the consensus tree. Jackknifing did not robustly support the majority of nodes in the consensus tree (o50%), which is consistent with the parsimony test described above (data not shown).
Finally, we found little correlation between host phylogeny and the Bray-Curtis dissimilarity matrix of vaginal microbiota. The highest correlation coefficient observed was À 0.6 and the majority centered on À 0.4 with some poor combinations nearing zero (Supplementary Figure S4) . In addition, when we repeated the analysis after pooling the sequences produced from each sample according to host species, the correlation coefficient between host phylogeny matrix and vaginal microbiome similarity matrix was À 0.46, À 0.49 or À 0.54, depending on the transformation method of OTU abundances for the Bray-Curtis calculations (square root, double square root and log transformation, respectively; data not shown). However, the two-tailed probability (P ¼ 0.0876) for even the highest correlation coefficient ( À 0.6) was higher than expected by chance, suggesting that statistical relation is possibly caused by a third variable. These findings indicate that, although the primate vaginal microbiomes are host specific, our data do not conclusively support that the host and microbiome phylogenies are congruent.
Multivariate dispersion test (PERMDISP function in Primer-E) comparing all groups supported the null hypothesis that all groups show equal dispersions in their respective 'locations' (F ¼ 1.7285, df1 ¼ 9, df2 ¼ 58, P(perm) ¼ 0.344, 9999 permutations); however, individual pairwise tests indicated that the dispersions of community assemblages for chimpanzees, howlers and mangabeys were significantly larger than that of other NHPs (Supplementary Table S3 ), suggesting that there are other, presumably ecological factors confounding species-specific variation.
Host species was, by far, the overriding factor determining vaginal microbial community composition. PERMANOVA analysis (Table 2) indicated that primate species identity was sufficient to explain 42.7% of the variation in microbial composition observed (the total explainable variation was 44.1% based on all factors tested). Host species-specific factors affecting variation in microbial composition included (in the order from most to least correlated): geographic origin, female swelling and promiscuity, social structure, testes, body, and neonate weight, gestation duration, baculum length, group size and mating group size (Table 2 ). These analyses indicated that these factors shared responsibility for driving much of the variation in microbial composition between host species. However, these factors did not provide additional explanatory power beyond that of host species identity, with the exception of neonate weight, which explained an additional 1.4% of the total variation in microbial composition.
Several socioecological factors were also found to correlate more broadly with microbial species diversity within the vaginal microbiome (Supplementary Figures S5A-J) ; female promiscuity, mating group size and male testes mass were associated with increasing microbiome diversity (Po4.3 Â 10 , respectively). In contrast, increased group size and gestation duration were found to associate with decreased diversity (Po2 Â 10 À 2 and Po7.7 Â 10 À 3 , respectively). To identify the specific phylotypes that are significantly correlated with each host species, we employed indicator species analysis and tested 'IndVal IV' values. Table 3 shows the top three indicator OTUs with highest IndVal IV values. Sneathia, Anaerosphaera and Aerococcus are significantly associated with multiple NHPs, and L. crispatus, Morganella and Pseudomonas spp. are the top three phylotypes associated with humans. Aerococcus and Abiotrophia (the top indicator OTUs in mangabeys) are known to be among the lactic acid-producing bacteria (Pfeiler and Klaenhammer, 2007) within the order Lactobacillales.
Discussion
Our analyses indicate that ca. 43% of the variation in vaginal microbiome composition among NHP species and humans can be explained by speciesspecific socioecological factors, such as geographic origin, promiscuity, mating group size and testes mass, of which the majority of factors concern sexuality, specifically the number of mating partners. These findings underline the importance of physical, specifically sexual, contact between the Figure 3 Ordination using nonmetric multidimensional scale analysis, calculated based on Bray-Curtis similarity distances, was used to visually assess variation in patterns of microbial diversity. Each data point represents 16S rRNA gene sequence data from a single individual color coded by host species.
Vaginal microbiome of humans and nonhuman primates S Yildirim et al hosts in the composition, as well as possible transmission and adaptive function of microbes within a population. Indeed, mutualistic and pathogenic bacteria use very similar mechanisms in colonizing hosts (Hentschel et al., 2000) . Pathogenic microbes spread effectively among socially structured populations (Nunn et al., 2011) and more readily cross host species boundaries when the host species are closely related and inhabit the same geographical region (Woolhouse et al., 2001; Davies and Pedersen, 2008) . Geographical vicinity (that is, habitat sharing) gives Figure 4 (a) Unrooted tree displaying the phylogenetic relationship between humans and NHPs. The aligned sequences based on 54 concatenated primate genes were used to build the maximum parsimony tree (Perelman et al., 2011) . Vaginal microbiome of humans and nonhuman primates S Yildirim et al Table 3 Top three indicator OTUs in primates and humans. Abbreviation: OTU, operational taxonomic unit.
Indicator OTUs, their percent abundance and associated hosts are color coded. All values are highly significant (P ¼ 0.002).
Vaginal microbiome of humans and nonhuman primates S Yildirim et al microbes opportunity to colonize susceptible sympatric host populations when they come in contact. Strikingly, even though humans and NHPs share pathogenic gut microbes, domesticated animals pose greater risk of transmitting pathogenic microbes to humans than NHPs due to habitat sharing (Pedersen et al., 2007) . We observed significant overlap among the explanatory socioecological factors. For example, primate sexual swellings are associated with multi-male mating and promiscuity . Testes mass is also associated with mating group size and promiscuity (Harcourt et al., 1981; Preston et al., 2003) . Promiscuity and larger mating group sizes facilitate mucosal contact and transmission of microbes among many mating partners, whereas perineal swellings increase the length and volume of the vagina, and consequently increase exposure to microbes. These factors may account for some of the distinctness of the vaginal microbiomes in primate host species that vary socioecologically.
We found that more promiscuous primate species showed greater microbial diversity, which is consistent with microbial analyses in mice (MacManes, 2011) . Promiscuity is likely to be a driving factor leading to systemic differences in the primate immune system (Nunn et al., 2000) , as well as the rate of molecular evolution of genes impacting immune function (Wlasiuk and Nachman, 2010) . This raises expectations that mating system, and in particular promiscuity, may influence the composition of vaginal microbiomes both directly and indirectly, which in turn may have a role in shaping the evolution of mating behavior (Immerman, 1986; Loehle, 1995; Thrall et al., 1997 Thrall et al., , 2000 Kokko et al., 2002; Sharon et al., 2010) . Interestingly, primate vaginal microbiomes appeared unaffected by factors such as diet or captivity (see Supplementary Information), unlike primate gut microbiota Amato, 2013) . This suggests that while host species identity characterizes variation in microbial composition in the gut, vagina, and presumably other locales, host-specific factors particularly relevant to that locale (e.g. diet or sexuality) are what drive the host interspecific differences in microbiome variation.
We found a number of unclassifiable taxa observed in NHP vaginal microbiomes, particularly among species more evolutionarily distant from humans, suggesting existence of novel taxa. Unclassifiable taxa were most prevalent within lemurs, where a significant portion of reads could not be classified into any known phylum. Lemurs are evolutionarily primitive primates and the sexual behavior of lemurs is unusual in that members of this species copulate only briefly over a 2-4 day period. During the rest of the year, the vagina is sealed and thus is largely isolated from the environment (Ankel-Simons, 2007) . In this respect, the vaginal microbiome of lemurs is quite distinct from any other microbiome we examined.
Even though there was considerable intraspecific variation of vaginal microbiomes among NHPs in this study (alpha diversity, Supplementary  Table S1 ) and others (Rivera et al., 2010; Hashway et al., 2014) , interspecific differences exceed intraspecific diversity. Despite exhibiting the lowest richness, the human vaginal microbiome showed a significantly broader degree of dispersion in beta diversity (Supplementary Figure S6) , suggesting the presence of individuals with highly distinct microbial compositions within this group. Indeed, the human subjects Hm409 and Hm403 in our data set, similar to the ABVs (Ravel et al., 2013) , represent distinct subsets within humans with microbiomes characterized by low abundance of Lactobacilli spp., yet enriched in anaerobic bacteria commonly found in the vaginal tracts of NHPs. These findings are consistent with previous observations on vaginal microbiota of rhesus macaque and humans (Spear et al., 2010) .
The finding that Lactobacillus dominance, a trait believed critical to the health of human vaginal system (White et al., 2011) , is not universal among primates illustrates the uniqueness of the human vaginal microbial ecosystem and provides added insight into what makes us human. The lactic acidproducing activity of the Lactobacillus spp. is thought to be an important factor in preventing the establishment of vaginal pathogens in humans (Boskey et al., 1999) . Humans are unique in that women are characterized by continuous sexual receptivity and face considerable constraints on birth relative to NHPs. Unlike other primates, human gestations are longer, and the dimensions of the human pelvic outlet are smaller than the neonatal head (Rosenberg and Trevathan, 2002) . Pregnant women are particularly vulnerable to microbial community disruptions (McGregor and French, 2000) and birth constraints greatly elevate risks of infection to both the fetus and mother. Although our correlational study cannot determine causes of the relationship between sexuality, birth and a distinctive microbial ecosystem, we hypothesize that humans effectively select microbial communities that minimize risks of sexual, gestational and post-parturition infection (see Stumpf et al. (2013) for additional hypotheses concerning human uniqueness).
This study is the first large, comprehensive and comparative analysis of the vaginal microbiomes from humans and NHPs. Our results provide insight into the selective factors affecting the vaginal microbiome across species, and highlight the diversity among primate vaginal microbiomes. These findings have implications for understanding host-microbe coevolution, disease risk and immunology. The uniqueness of the human vaginal microbiome has implications for understanding host-microbe relationships in humans, with potential applications to microbial dysbiosis and preterm birth, as well as for questioning the applicability of current NHP models to study sexually transmitted diseases in humans. These analyses also establish a baseline of the vaginal microbiome in primates, with conservation and captive management implications. Finally, these findings emphasize the need for greater understanding of the forces that shape our microbiomes and their impact on health, reproduction and disease.
